C entral cervical stenosis can lead to a myelopathic condition that is the leading cause of spinal cord dysfunction worldwide. [1] [2] [3] [4] The most common etiologies that have been associated with cervical stenosis are degenerative and congenital. Both causes lead to compression of the spinal cord which can be associated with the development of debilitating neurologic symptoms.
Degenerative cervical stenosis is a well-established pathologic process that leads to canal narrowing over time. Pathologic changes include disc degeneration, kyphotic deformity from facet arthrosis, and associated ligamentum flavum hypertrophy, laxity of the facet joint, and uncinate spurring. [5] [6] [7] These changes are ubiquitous in the general population after the sixth decade of life. 8, 9 Congenital cervical canal narrowing is attributed to an aberrant spinal canal development independent of degenerative changes. [10] [11] [12] These patients present at an earlier age than degenerative stenosis patients and are associated with multiple levels of pathology and fewer degenerative changes. 13, 14 Although the chief problems in congenital lumbar stenosis have been attributed to a trefoil-type canal 11 and decreased pedicle length, 13 the causes for congenital cervical narrowing have not been ascertained. Because congenital lumbar and cervical stenosis have been associated with each other, there may be one mechanism that leads to a global change in spinal canal development. 15 Despite the recognition of congenital cervical stenosis (CCS) within the spine community, its true characteristics have yet to be defined. 10,16 -21 Although the term is typically used to describe a patient with a narrow spinal canal diameter at multiple levels of the cervical spine that is independent of degenerative, pathologic, dysplastic, or deforming change (i.e., disc-osteophyte complexes, ligamentum hypertrophy, facet hypertrophy, etc.), [16] [17] [18] [19] [20] [21] its true definition has not been established. In clinical practice, the diagnosis of CCS is based on the overall gestalt of the spine surgeon and not on any individual criteria.
Multiple imaging modalities are utilized to assess cervical stenosis including plain radiographs, computed tomography (CT), and magnetic resonance imaging (MRI). Of these, MRI remains the most helpful imaging modality of choice for the diagnosis of cervical stenosis. 7, 13 MRI is less invasive, obviates the risk of radiation, and allows for better visualization of the spinal cord and soft tissue anatomy (ligamentum hypertrophy) 7, 13, 22 than other modalities. Because of the incomparable visualization of cord compression on cervical MRI, this imaging modality is necessary to make the diagnosis of congenital stenosis. Consequently, this article aims to define the pathoanatomy of CCS by introducing a novel definition of CCS associated with measurements obtained from a standard cervical MRI.
MATERIALS AND METHODS
After appropriate Institutional Review Board approval was obtained, with the use of an institutional medical database (Enterprise Data Warehouse), a total of 1000 cervical MRIs performed from January 2000 to December 2014 were compiled. Patients were excluded with age less than 18, prior cervical spine surgery, a diagnosis of soft tissue neoplasm or infection, congenital fusions, ossification of the posterior longitudinal ligament, fracture, and incomplete visualization of the entire cervical spinal elements. Associated demographic information including age, sex, height, and weight were collected. Patients were de-identified through a random subject number.
For the purposes of this study, a strict definition for CCS was utilized. Criteria included age less than 50 years (n ¼ 462) and mid-sagittal canal diameters (mid-SCDs) less than 10 mm at multiple subaxial cervical levels (C3-C7) ( Figure 1 ). These stringent criteria were supported by our individual evaluation of each of the patients who met these parameters who appeared to have a globally narrow spinal canal. Diameters were measured at the pedicle level for C3 to C7 for each patient on a mid-sagittal T2 MR image using a Centricity Picture Archive and Communication System (GE Healthcare). Age-matched controls were selected with normal canal diameters (>14.0 mm) at all subaxial cervical levels (C3-C7).
All MRI imaging for patients in this study was done at our institution using a 1.5-T scanner with axial slices obtained at 3-to 3.5-mm intervals parallel to the corresponding disc space and perpendicular to the posterior border of the vertebral body. Using Centricity PACS software (General Electric, Milwaukee, WI), measurements were obtained at individual subaxial cervical levels for the investigational and control groups on axial T2 MR imaging (Figure 2 ), which included mid-SCD, coronal vertebral body length (Cor VB), anteroposterior vertebral body length (AP VB), pedicle width (PW), pedicle length (PL), laminar length (LL), anteroposterior lateral mass length (LM), posterior canal distance (PCD) lamina-disc angle (LDA), lamina-pedicle angle (LPA), and AP spinal cord diameter. The PCD was defined by the distance between the posterior inter-lateral mass line and the laminar apex ( Figure 2 ). The LDA was defined as the angle formed by the mid-SCD and the anatomic axis of the lamina, and the LPA the angle formed by the anatomic axis of the lamina and the anatomic axis of the pedicle. Inter-rater reliability for all measurements was calculated for two independent reviewers.
Because of the absolute number of measurements required to complete this study, statistical analysis was performed comparing patient groups with a threshold for statistical significance set at P < 0.01, which is the most stringent P value found in similar study designs. 15 Measurements from each cohort were compared using a two-tailed t test of unequal variance to compare the difference of endpoints between two groups. In addition, inter-rater and intra-rater reliability were assessed by calculating the intraclass correlation coefficient. 23 All statistical analyses were performed with the use of Statistical Analysis System (SAS) v9.3 (SAS Institute, Cary, NC). 
RESULTS
A total of 68 patients met our inclusion criteria of CCS and were compared to 14 age-matched controls. There were no significant differences in demographic information between groups ( Table 1 ). The inter-rater interclass correlation coefficient demonstrated strong reliability of all measurements between two authors (RJB, HTM) (0.823, 95% confidence interval [CI]: 0.783-0.862). Similarly, intra-rater reliability was also strong (r ¼ 0.811 95% CI: 0.739-0.883).
Anterior Anatomy
Expectedly, SCDs and anteroposterior diameter of the spinal cord were significantly different between groups (P < 0.01) at all levels ( Table 2) . Vertebral body (Cor VB and AP VB) and pedicle (PW and PL) measurements were not significantly different between groups (P > 0.01).
Posterior Anatomy
CCS patients had a significantly shorter LM than controls at all cervical levels (P < 0.01). At the C4 to C6 levels, the PCD was smaller in the CCS group (P < 0.01). Furthermore, the LL in the investigational group was shorter at all levels except for C6 (P < 0.01).
Anatomic angles formed by the posterior osseous anatomy were measured to compare the relative geometry between groups. At all cervical levels, the LDA was statistically more obtuse (higher degree) in the CCS group (p ¼ .0038). In contrast, the LPA was statistically more acute (lower degree) in the CCS group at all cervical levels (P ¼ 0.000007). The subsequent difference in anatomy between the two groups can be illustrated by the triangle model that demonstrates the difference in area (Figure 3 ).
DISCUSSION
Congenital cervical stenosis (CCS) is an important risk factor for the development of cervical myelopathy. [1] [2] [3] [4] 24, 25 The narrow spinal canal can experience abnormal kinematics, which predisposes it to the development of degenerative changes. 7 The CCS patient is also at an increased risk of neurologic insult from traumatic events, specifically hyperextension moments. [26] [27] [28] [29] As a result, spine surgeons routinely recommend the discontinuation of contact sports for patients diagnosed with CCS after a neurologic event. [26] [27] [28] [29] Clinical studies have studied the physical characteristics and genetic factors associated with this pathology, 30, 31 but conclusions have been limited by the imaging modality, definition of CCS, and concomitant degenerative changes.
We utilized a novel definition for CCS that included three parameters: age, SCD, and multilevel pathology. These criteria were derived from data in evidence-based literature that suggest a high rate of degenerative changes after the sixth decade of life, 8, 9 a SCD measurement of 10 mm as clinically significant stenosis, 10,16 -21 and congenital pathology present at more than one level. 12, 13, 15 The data in this study suggest that abnormal development of the posterior elements of the cervical motion segment is responsible for the pathoanatomy associated with CCS. Although vertebral body and pedicle measurements were no different, lateral mass, lamina, and laminar angle measurements were significantly different between study groups.
The concepts behind the changes responsible for CCS can be characterized into a triangle model (Figure 3) . The lamina-disc (LDA) and lamina-pedicle angle (LPA) comprise the variable angles, whereas the opposite length, SCD, represents both the posterior canal diameter (PCD) and LM. The hypotenuse of the triangle is a surrogate for LL. Using standard geometric principles, the critical parameters of a congenitally stenotic canal can be explained through the Sine Formula:
Sine (LPA8) ¼ (PCD þ lateral mass length)/(laminar length)
Our results show that the LPA was statistically more acute at all levels in the CCS population, (range 1.4-3.38). Assuming an average lamina length of 17.8 mm, a 3.38 change in the LPA would decrease the SCD by 10.5%, which demonstrates that even a small degree change in anatomic angle can result in profound change to the SCD. LL was also found to be significantly smaller in the CCS group. Similarly, assuming an average and static LPA of 808, a decrease of LL by 2.2 mm yields a SCD that is 21.5% more narrow. The data in our study suggest that the smaller the LPA angle (more acute) and shorter the laminar length, the more likely a significant decrease in SCD will result (Figure 4) leading to an overall decrease in cross-sectional area for the spinal cord ( Figure 5 ). This triangle model of CCS demonstrates that the posterior cervical spine elements are the likely driving force in CCS pathology. Notably, the PCD was not statistically different between groups at the C3 and C7 levels. At these levels, the canal diameter is likely more dependent on lateral mass pathology and not other variables (i.e., laminar length).
The anatomic location of cervical pathology often guides surgical approach. Many authors advocate that a direct approach to the pathology can produce superior results. 4, [32] [33] [34] [35] [36] For example, in ossification of the posterior longitudinal ligament wherein the pathology is a part of the Significant values (P < 0.01) are highlighted in red. BMI, body mass index; CCS, congenital cervical stenosis. anterior motion segment anatomy, multiple studies have suggested that anterior approaches lead to better long-term outcomes as measured by Japanese Orthopaedic Association scores. 32, 33 Similarly, our novel triangle model suggests that posterior decompression procedures, which directly address the abnormal cervical elements in CCS patients, may be a more direct approach to this condition. Multiple studies have shown that posterior decompression with/without fusion and laminoplasty produce favorable outcomes in the CCS population; however, no comparison to anterior procedures has ever been performed. 4, 37, 38 The characteristics of CCS have been studied previously using a variety of imaging modalities such as plain radiographs. 31 Another study identified the morphologic features of CCS and utilized a SCD threshold of 12 mm at a single level on CT myelogram to establish the CCS group. 39 No exclusion was made based on age and the CCS group even included patients up to 79 years. 39 In our opinion, the criterion of single-level SCD less than 12 mm in any age group may fail to account for the global changes in the cervical spine that most spine surgeons associate with CCS. Bajwa et al measured the SCD and the interpedicular distance of 1066 cervical cadaveric spines in all age groups (range 20-105 years). 10 The CCS group was defined as spinal canal area 2 standard deviations smaller than the mean. 10 Notably, individual vertebra were compiled instead of looking at each spine individually. Using this data, the authors proposed that thresholds of SCDs of 12.5 mm at C3 and 13 mm at C4 to C7 should be used for the CCS group. 10 Based on our preliminary MRI, evaluation of patients who meet these criteria in our database, we felt that many surgeons would not classify this group as CCS based on appearance.
We chose to define the cervical pathoanatomy using MRI because this imaging modality is most often utilized to diagnose CCS. Although CT myelograms can offer a higher-resolution evaluation of bony anatomy, these are not typically used as screening tools. For this reason, a comparison of CCS based solely on this imaging modality would likely not capture many of those patients who surgeons consider to have this condition. The authors considered comparing the measurements made on MRI with those on corresponding CT scans to assess reliability.
However, after review of patient records, less than 5 patients in the study had a corresponding CT scan. The reliability between CT and MRI has previously been demonstrated in multiple orthopedic studies of bony anatomy and measurements. 40, 41 CCS is better evaluated with MRI because it is less invasive and allows for better visualization of the spinal cord and soft tissue anatomy than CT myelogram. 7, 13, 22 For these reasons, despite the known limitations of MRI to assess bony anatomy, we chose this imaging modality to use stringent criteria to identify a patient group with true CCS.
The limitations of this study include the fact that the patient population was diagnosed with stenosis and not necessarily myelopathy. The patients had MRIs ordered for a variety of reasons that could not be controlled with our methodology. Another limitation was the assessment of spondylotic changes, which were present in both patient groups. Although degenerative changes such as disc bulging are less common in younger patients, 42 there were some patients who demonstrated early pathology in our study. We attempted to control for this phenomenon by measuring canal length at pedicle level. Because sequential MR imaging was not available for most patients in this study, it is unknown whether some of these changes were genetic-, occupation-, or trauma-related. Although the true definition of a congenital anomaly can only be proven with imaging performed at birth, we utilized a set of strict criteria to approximate this population as close as possible.
The data in this study suggest that the pathoanatomy related to CCS is associated with a decrease in the laminapedicle angle and an increase in the lamina-disk angle. These changes in the normal anatomic angles shorten the SCD leading to CCS. The global changes in CCS are illustrated by our triangle model and illustrate that this condition is driven by the posterior elements of the cervical spine.
Key Points
CCS patients demonstrated significantly different anatomical measurements when compared with controls. 
